Abstract. Both healthy and pathological aging due to Alzheimer's disease (AD) are associated with decreased brain grey matter volume (GMV) and disrupted white matter (WM) microstructure. Thinner macular ganglion cell-inner plexiform layer (GC-IPL) measured by spectral-domain optical coherence tomography has been reported in patients with AD and mild cognitive impairment. Emerging evidence suggested a link between thinner GC-IPL and lower GMV in subjects with no dementia using region-of-interest-based approach. However, it remains unknown whether GC-IPL thickness is associated with brain WM microstructure and how such association differed between normal and cognitively impaired subjects. Here, for subjects with no cognitive impairment (NCI), thinner GC-IPL was associated with lower WM microstructure integrity in the superior longitudinal fasciculus, inferior fronto-occipital fasciculus, corticospinal tracts, anterior thalamic radiation, and cingulum regions, while it was weakly associated with lower GMV in visual cortex and cerebellum. Nevertheless, these retina-brain associations were disrupted in the presence of cognitive impairment. Correlations between GMV and GC-IPL were lost in patients with cognitive impairment but no dementia (CIND) and AD patients. GC-IPL was related to WM microstructural disruption in similar regions with decreased significance. In contrast, lower WM microstructure integrity in the fornix showed a trend of correlation with thinner GC-IPL in both CIND and AD but not NCI. Collectively, our findings suggest the possible physiological retina-brain relationship in healthy aging, which might be disrupted by disease-induced changes in patients with cognitive impairment. Longitudinal study with larger patient sample should follow to confirm the disease mechanism behind these retina-brain relationship changes.
INTRODUCTION
While normal aging is usually accompanied with loss of grey matter volume (GMV) in the brain, accelerated brain atrophy is associated with pathological aging such as Alzheimer's disease (AD). Structural magnetic resonance imaging (MRI) is a traditional region-of-interest quantification approach that is often focused on the temporal regions affected by normal aging and more profoundly by AD [1] [2] [3] . The whole-brain voxel-based morphometry (VBM) method can provide a whole-brain spatially non-biased evaluation of AD-related grey matter (GM) atrophy as well as enhanced spatial specificity [4] [5] [6] [7] . In parallel, diffusion tensor imaging (DTI) measures of white matter (WM) microstructure are useful in measuring healthy and pathological aging [8, 9] . Fractional anisotropy (FA), a commonly reported diffusivity measure of WM microstructure, indexes the directional coherence of water displacement. Previous literature revealed region-specific WM microstructural disruption in AD and mild cognitive impairment (MCI), commonly represented as reduced FA, including commissural, association, and limbic fiber tracts, whereas projection fiber tracts were relatively preserved until advanced stages of the disease [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] .
Furthermore, emerging evidence demonstrated a possible link between reduction of peripapillary retinal nerve fiber layer (RNFL) thickness as measured by optical coherence tomography (OCT) with AD [22] . With the newer spectral-domain OCT, it further showed that macular ganglion cell-inner plexiform layer (GC-IPL) thinning was more strongly associated with MCI, compared with periperpillary RNFL thinning [23] . A recent study also found a close association between GC-IPL thinning and smaller GMV of the occipital and temporal lobes in elderly subjects [24] , suggesting that macular GC-IPL might be a better indictor to access neurodegenerative processes than peripapillary RNFL axonal reduction. However, this study divided the whole-brain into five regions only (including frontal, parietal, occipital, temporal, and central regions) to examine the relationship between GMV and retinal neuronal damage. Whole-brain voxel-wise analyses are needed to address region-specific GMV damage associated with OCT arrays.
Importantly, it remains unknown if GC-IPL thickness in the retina is related to WM microstructure in the brain. Particularly, differential region-specific WM microstructural changes might be associated with GC-IPL loss in subjects with different severity of cognitive impairment. Here, using whole-brain voxel-wise approach (for both GM and WM), we sought to test whether GC-IPL thinning was associated with brain GMV reductions and WM microstructural changes [lower FA and higher mean diffusivity (MD)] and how such association differed between normal and cognitively impaired subjects (patients with cognitive impairment but no dementia (CIND) and AD, respectively). This study may corroborate the associations between regions-specific brain structure (both GM and WM) and GC-IPL, improve our understanding of the physiological variations, and aid in the differentiation between physiological and pathological structural changes related to AD.
METHODS

Participants
Participants with subjective complaints of memory problems and/or demonstrated cognitive impairment on neuropsychological assessment were recruited from two study sites in Singapore, i.e., memory clinics from National University Hospital and St. Luke's Hospital. Control subjects with no cognitive impairment (NCI) on neuropsychological assessment were recruited from both memory clinic and the community [25] . All subjects were administered the Mini-Mental State Examination, the Montreal Cognitive Assessment, Clinical Dementia Rating, Geriatric Depression Scale, the informant questionnaire on cognitive decline, and a formal neuropsychological battery locally validated for older Singaporeans (see details in our previous work [26] ) by trained psychologists. Ethics approval was obtained from National Healthcare Group Domain-Specific Review Board (DSRB). The study was conducted in accordance with the Declaration of Helsinki. Written informed consent was obtained, in the preferred language of the participants, by bilingual study coordinators.
We grouped our participants based on objective measurements of cognitive impairments, which is an extensive assessment validated previously for Singaporean elderly [27] . This neuropsychological test battery examines seven domains including executive function, attention, language, visuomotor speed, visuoconstruction, verbal memory, and visual memory [26, 27] . Diagnoses of cognitive impairment and dementia were made at weekly consensus meetings reviewing clinical history, blood investigations, neuropsychological assessment, and neuroimaging data. The diagnosis of CIND was determined by clinical judgment and was defined as, no loss of independence in daily activities, and impairment in at least one domain of the neuropsychological test battery. Participants were considered to have failed a test if they scored 1.5 SD below the education-adjusted cut-off values of each test [28] . Failure in at least half of the tests in each domain was considered as impairment in that domain. Dementia was diagnosed in accordance with DSM-IV criteria. The etiological diagnoses of AD were made according to National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer's Disease and Related Disorders Association (NINCDS-ADRDA) guidelines. For the NCI, we ensured that participants have no impairment in any of the seven domains in the extensive neuropsychological tests [24, 26, 27] .
All participants were excluded from this study if they were/had: (1) Hypoxic/anoxic, hypotensive, hypertensive, uremic or hepatic encephalopathy; (2) Traumatic, nutritional, or toxic disorder affecting the central nervous system (CNS); (3) Current substance abuse disorder (e.g., alcohol, barbiturates, opiates, amphetamines, phencyclidine, or cocaine as defined by the DSM-IV) or past substance use disorder affecting the CNS; (4) Intracerebral hemorrhage that could cause cognitive impairment; (5) Cranial arteritis, CNS inflammatory vasculitides, Moyamoya disease; (6) CNS infection including syphilis, tuberculosis, fungi, rickettsiae, bacterium, viral encephalitis, Creutzfield-Jacob disease, or other CNS infection; (7) Space occupying intracranial mass lesion; (8) Obstructive or normal pressure hydrocephalus; (9) Difficult to control epilepsy that could cause cognitive impairment; and (10) patients with schizophrenia or bipolar disorder. Subjects with vascular CIND or vascular dementia were also excluded if one or more of the following conditions existed: (1) Medical illness requiring concomitant corticosteroid or immunosuppressant therapy; (2) Moribund state (mRS >4); (3) Significant aphasia/dysarthria that significantly impedes cognitive assessment (NIHSS Best language (Aphasia) and Dysarthria score >1); (4) Pacemakers or other metallic implants which were not compatible with 3T MRI. Out of 191 participants included in this study, only 4 participants had Geriatric Depression Scale scores higher than 9 (1 NCI and 3 CIND) and 11 took antidepressants, anxiolytics, and/or antipsychotics medications (2 NCI, 4 CIND, and 5 AD; among these 11 participants, good GC-IPL thickness measurements were available for 1 NCI, 2 CIND, and 4 AD).
Subjects were also assessed for neuroimaging evidence of significant cerebrovascular disease. To minimize the potential confounding influence of cerebrovascular disease, subjects with the presence of any of the following: (1) cortical infarcts; (2) two or more lacunes; (3) confluent WM lesions in two regions of the brain (Age Related WM Changes scale score ≥8) [29] were excluded from the analysis [25] .
Out of 411 eligible participants recruited between August 12, 2010 to August 21, 2014, 10 participants had no MRI scans, 164 participants had MRI evidence of cerebrovascular disease, and 46 participants did not pass quality control for both DTI and MRI data. Among the remaining 191 participants, 2 participants (NCI) did not pass the structural MRI quality control, while the other 11 participants (4 NCI and 7 CIND) were excluded due to motion artifacts in DTI data (details in Methods). Therefore, we studied the group difference in WM microstructure in 65 NCI, 68 CIND, and 47 AD and the WM-GC-IPL association in a subset of 124 subjects who passed the retina imaging quality control (WM cohort, Table 1 ). We studied the GMV group differences and the associations with GC-IPL in a slightly different cohort (GMV cohort, Supplementary Methods and Supplementary Table 1 ). Subject demographics were comparable between the WM and GMV samples. There was no significant group difference in gender and handedness. There was no significant difference in age between NCI and CIND, while AD patients were older than both groups. Ethnicity in CIND was significantly different from NCI. In all analyses, we included age, gender, handedness, and ethnicity as covariates.
Retinal imaging and processing
After pupil dilation using tropicamide 1% and phenylephrine hydrochloride 2.5%, Cirrus HD-OCT (Carl Zeiss Meditec) was used to acquire macular and optic disc scans using macular cube 200 × 200 and optic nerve head cube 200 × 200 scan protocols respectively in each eye from each subject. In brief, GC-IPL thickness was detected and measured from an elliptical annulus area (14.13 mm 2 ) centered on the fovea with an inner vertical diameter of 1 mm, an outer vertical diameter of 4 mm, an inner horizontal diameter of 1.2 mm and an outer horizontal diameter of 4.8 mm. A series of GC-IPL parameters (average, superior, superonasal, inferonasal, inferior, inferotemporal, superotemporal sectors) were derived by automated segmentation algorithm available on the Cirrus HD-OCT which delineates the outer boundaries of the ganglion cell layer and inner plexiform layer. Cirrus HD-OCT optic disc scan protocols have also been described in our previous work [23] . A trained grader masked to subject characteristics inspected all macular cube scans for image quality. We excluded scans with glaucoma history and retinal pathology affecting GC-IPL thickness measurement (such as epiretinal membrane, macula edema, vitreomacular traction, age-related macular degeneration, etc.). Scans with GC-IPL algorithm segmentation failure, probably due to poor scan signal strength or quality, were also excluded from our analysis. According to these criteria, a total of 56 subjects were excluded from analysis (Table 1 and Supplementary Table 1) .
Neuroimaging data acquisition
DTI scans were obtained using 32-channel head coil on a 3T Siemens Tim Trio system (Erlangen, Germany) at Clinical Imaging Research Center, National University of Singapore, using a diffusion-weighted echo-planar imaging sequence (61 non-collinear diffusion gradient directions at b = 1150 s/mm 2 , seven volumes of b = 0 s/mm 2 , TR/TE = 6800/85 ms, FOV = 256 × 256 mm 2 , matrix = 84 × 84, 48 contiguous slices, and slice thickness = 3.0 mm). Highresolution T1-weighted structural MRI was acquired using MPRAGE (magnetization-prepared rapid gradient echo) sequence (192 continuous sagittal slices, TR/TE/TI = 2300/1.9/900 ms, flip angle = 9 • , FOV = 256 × 256 mm 2 , matrix = 256 × 256, isotropic voxel size = 1.0 × 1.0 × 1.0 mm 3 , bandwidth = 240 Hz/pixel).
White matter microstructure derivation
The DTI data were preprocessed using FSL v5.0 (http://www.fmrib.ox.ac.uk/fsl; [30] following our previous approach [31] . Eddy current distortion and head movement [32] were corrected through affine registration of diffusion-weighted images to the first b = 0 volume. Brain Extraction Tool (BET) was used for brain extraction and creating a brain mask with fractional intensity threshold of 0.25. Maximum motion was calculated within this brain mask for each subject by taking the maximum displacement of volumes from the first b = 0 volume [33] . Participants with more than 3 mm maximum motion were excluded from further analysis. Diffusion gradients were rotated to improve consistency with the motion parameters. Individual's maps were visually inspected for signal dropout, artifacts, and additional motion. FA and MD images were created by fitting a diffusion tensor model to the diffusion data at each voxel (DTIFIT, FSL). We then applied Tract-Based Spatial Statistics (TBSS) [34] to analyze the FA data in the major brain WM tracts. FA images were first non-linearly registered [35] and transformed to the high resolution (1 mm 3 ) FMRIB58 FA image. The FA images were skeletonized and represented the center of the major WM tracts in the brain. The MD images were created similarly to the FA images.
Voxel-based morphometry
We applied an optimized voxel-based morphometry (VBM8) [36] using Statistical Parametric Mapping (SPM8) (http://www.fil.ion.ucl.ac.uk/spm/). We derived the subject-level GMV probability maps from T1 structural images following our previous approach [35, 36] , including: (1) segmented individual T1-weighed images into GM, WM, and cerebrospinal fluid; (2) created a study-specific template using non-linear DARTEL registration [37] ; (3) registered each GM/WM probability maps to the customized template in MNI space and performed tissue segmentation; (4) performed modulation by multiplying voxel values by the Jacobian determinants derived from the spatial normalization step; (5) applied smoothing on the normalized GM maps by a 10 mm isotropic Gaussian kernel. Individual GMV maps were normalized (divided by total estimated intracranial volume) for further statistical analyses.
Statistical analyses
Group comparisons
To examine the pair-wise group difference in WM FA and MD, we built voxel-wise general linear models (GLM) with the skeletonized WM FA or MD images as the dependent variable, group as the covariate of interest, and age, gender, handedness, and ethnicity as the nuisance variables. The WM regions where the skeletonized FA and MD were significantly different between the three groups were identified using permutation-based nonparametric testing (FSL RANDOMISE), thresholded at p < 0.005 with threshold-free cluster enhancement (TFCE) and family-wise error (FWE) correction and with minimum cluster size of 100 voxels [38] . Anatomical localization of the identified WM clusters was determined with reference to the Johns Hopkins University white matter atlas (20 labels) [39] .
Similar voxel-wise GLM was built with the subject-level normalized GMV probabilistic maps as dependent variable. Significant group differences in GMV were identified using two-sample t-tests (SPM8), thresholded at FWE corrected p < 0.05.
Correlation between brain structure measures and GC-IPL thickness
To examine the association between GC-IPL thickness with WM FA and MD, we built voxel-wise GLM with the skeletonized WM FA or MD images as the dependent variable, GC-IPL thickness as the covariate of interest, and OCT signal strength, age, gender, handedness, and ethnicity as the nuisance variables. The WM regions where the skeletonized FA were positively correlated GC-IPL were identified using permutation-based non-parametric testing (FSL RANDOMISE), thresholded at p < 0.05 with TFCE and FWE correction [38] , with minimum cluster size of 100 voxels. We repeated the same analyses to test the negative correlation between the skeletonized MD and GC-IPL thickness. Analyses of correlations between WM FA/MD and GC-IPL thickness were conducted both across participant groups and within each participant group.
We built the same voxel-wise GLM to examine the association between GMV and GC-IPL thickness both within each group and across all three groups (SPM8), thresholded at voxel-wise uncorrected p < 0.001 and cluster size larger than 500 voxels.
RESULTS
Retina imaging characteristics
Within those participants with OCT scans of sufficient quality for analysis, GC-IPL was significantly thinner in CIND than in NCI [F(1, 90) = 7.367, p = 0.008]. No difference in GC-IPL was observed in AD compared to the other two groups (Table 1) .
Group difference in WM microstructure and GMV
We observed that lower WM microstructure integrity (evidenced by lower FA and higher MD, FWE corrected p < 0.005) in CIND and AD compared to NCI (Supplementary Figure 1 , Supplementary Table 2 ). Compared to the NCI group, FA in frontal (bilateral anterior thalamic radiation (ATR), bilateral corticospinal tracts (CST), forceps minor, bilateral uncinate fasciculus), temporalparietal (forceps major), temporal-occipital (right inferior longitudinal fasciculus), temporal (right temporal part of superior longitudinal fasciculus), frontal-occipital/parietal (bilateral inferior frontooccipital fasciculus (IFO) and bilateral superior longitudinal fasciculus (SLF)), and cingulum (bilateral cingulum cingulate gyrus (CG)) brain regions were lower in the CIND group. MD was significantly larger in frontal (bilateral ATR, forceps minor, bilateral uncinate fasciculus, and bilateral CST), frontal-occipital/parietal (bilateral IFO and SLF), and cingulum (left CG) brain regions. Further lower WM microstructural integrity was found in the AD patients compared to the CIND patients. While those regions damaged in CIND worsen in AD, damages also extended to bilateral cingulum hippocampus, Fig. 1 . Correlation of GC-IPL thickness with white matter microstructure in the NCI group. The group-level skeletonized mean FA (cyan color) was thresholded to reflect major WM tracts in the brain [34] . Voxel-wise Linear Regression based on TBSS revealed (A) significant positive correlation of GC-IPL thickness with FA in brain regions highlighted in red-yellow and (B) significant negative correlation between GC-IPL thickness and MD in brain regions highlighted in blue-green colours (FWE corrected p < 0.05). C) The subject-level mean FA values from four clusters (pointed by the yellow arrows in A) were plotted against the GC-IPL thickness for the NCI group (red squares and red solid line) after regressing out the effects of SD-OCT scanner signal strength, age, gender, handedness, and ethnicity. Adjusted R 2 was reported for each cluster. NCI, no cognitive impairment; GC-IPL, ganglion cell-inner plexiform layer; WM, white matter; FA, fractional anisotropy; MD, mean diffusivity; TBSS, tract-based spatial statistics; FWE, family-wise error; SD-OCT, spectral domain optical coherence tomography; rIFO, right inferior fronto-occipital fasciculus; lIFO, left inferior fronto-occipital fasciculus; lCG, left cingulum cingulate gyrus; rCST, right corticospinal tract; rSLF, right superior longitudinal fasciculus; lSLF, left superior longitudinal fasciculus.
bilateral inferior longitudinal fasciculus, and bilateral CG for FA.
We observed lower GMV in CIND and AD compared to NCI (Supplementary Figure 2 and Supplementary Table 3 ). Compared to the NCI group, GMV in temporal, frontal, and occipital regions were significantly smaller in the AD group (voxel-wise FWE p < 0.05). At the same threshold of voxel-wise FWE corrected p < 0.05, lower GMV was found in frontal regions in the AD compared to the CIND group, while there was no significant difference between the CIND and the NCI groups.
Thinner GC-IPL is related to lower WM microstructural integrity
In NCI, we found that lower FA and higher MD values were significantly associated with GC-IPL thinning in frontal (bilateral ATR and forceps minor), parietal (bilateral CST), frontal-occipital/parietal (bilateral IFO and bilateral SLF), and cingulum (bilateral CG) (FWE corrected p < 0.05, Fig. 1 , Supplementary Table 4 ).
Under the same threshold (FWE corrected p < 0.05), we did not find significant correlations Fig. 2 . Correlation of GC-IPL thickness with white matter FA in the CIND and the AD groups. The group-level skeletonized mean FA (cyan color) was thresholded to reflect major WM tracts in the brain [34] . Voxel-wise Linear Regression based on TBSS revealed positive correlation trend of GC-IPL thickness with FA in left CG and fornix (pointed by the yellow arrows in A and B) highlighted in red-yellow colors (TFCE uncorrected p < 0.05) in both the CIND (A) and the AD (B) groups. C) The subject-level mean FA values from these two clusters were plotted against the GC-IPL thickness (blue triangles and blue solid line for the CIND; black circles and black broken line for the AD), after regressing out the effects of SD-OCT scanner signal strength, age, gender, handedness, and ethnicity. Adjusted R 2 was reported for each cluster. CIND, cognitive impairment without dementia; AD, Alzheimer's disease; GC-IPL, ganglion cell-inner plexiform layer; WM, white matter; FA, fractional anisotropy; SD-OCT, spectral domain optical coherence tomography; TBSS, tract-based spatial statistics; Fx, fornix; lCG, left cingulum cingulate gyrus.
between GC-IPL thickness and WM FA/MD in CIND or AD groups. However, trends were observed in the CIND and the AD groups if a lower threshold was used (TFCE uncorrected p < 0.05). In the CIND group, thinner GC-IPL was correlated with lower FA (and higher MD) in the fornix, CG, SLF, IFO, CST, and ATR ( Fig. 2A, Supplementary Table 5 ). In the AD group, thinner GC-IPL was correlated with lower FA in the fornix, left CG, bilateral SLF, IFO, CST, and ATR (Fig. 2B, Supplementary Table 5 ). Conversely, FA or MD in the fornix was not correlated with the GC-IPL thickness for the NCI group even at this lower threshold of uncorrected p < 0.05.
In addition, we repeated the analyses on subjects across all three groups and found largely similar results as in NCI (FWE corrected p < 0.05) (Supplementary Table 4 ). The associations between WM and GC-IPL thickness in NCI were possibly driving the effects found in the analyses across all subjects. We also performed direct statistical comparisons of the WM-retina relationship between groups (see Supplementary Methods). Similar WM-retina relationship differences between NCI, CIND, and AD were observed (Supplementary Table 7 ). To ensure that the observed association was not confounded by antidepressants, anxiolytics, and/or antipsychotics medications, we performed the same retina-WM association analyses without participants who took these medications (1 NCI, 2 CIND, and 4 AD). Similar results were found (Supplementary Tables 9 and  10 ).
Thinner GC-IPL is related to lower GMV
Correlation between GC-IPL thickness and GMV was not significant at the threshold of FWE corrected p < 0.05 in any of the three groups or across all subjects. In NCI, a trend was observed in left calcarine gyrus, left lingual gyrus, and right cerebellum at the threshold of uncorrected p < 0.001 with minimum cluster size of 500 voxels (see Fig. 3 and Supplementary Table 6 ). No GMV-retina association was observed in the other two groups, even at the lower uncorrected threshold. Direct statistical comparisons of the GMV-retina relationship between groups (see Supplementary Methods) revealed The subject-level mean GMV values from two clusters (pointed by the yellow arrows in A) in the NCI group were plotted against the GC-IPL thickness for the NCI (red squares and red line) after regressing out the effects of HD-OCT scanner signal strength, age, gender, handedness, and ethnicity. Adjusted R 2 was reported for each cluster. NCI, no cognitive impairment; GC-IPL, ganglion cell-inner plexiform layer; GMV, grey matter volume; FWE, family-wise error; SD-OCT, spectral domain optical coherence tomography; lCAL, left calcarine; lLING, left lingual; rCRBL, right cerebellum. similar GMV-retina relationship differences in occipital regions and cerebellum (Supplementary Table 8 ).
DISCUSSION
Macular GC-IPL thinning was associated with lower WM microstructure integrity in NCI in frontal, parietal, occipital, and cingulum regions, as well as GMV reduction in occipital lobe and cerebellum. In contrast, such relationship was largely attenuated in AD and CIND; instead, weak relationship between GC-IPL thinning and WM loss in the fornix was hinted in both CIND and AD but not in NCI participants. As far as we know, our study is the first in the AD-related literature to demonstrate the WM-retina associations. Our findings suggested a disruption of age-related normal physiological retina-brain relationships due to disease-induced changes in patients with AD or early cognitive impairment.
Previous studies have demonstrated the effect of aging on brain WM microstructural disruption [36] , GMV loss [36, 40, 41] , and GC-IPL thinning [42] separately. One step further, we found both WM microstructure and GMV were associated with GC-IPL thickness in healthy older adults. One possible mechanism is the normal aging processes in both retina and brain structures. Individual difference in retina measures was associated with brain structure, suggesting that a strong link between retina and brain structural integrity in healthy aging. Nevertheless, the retina-brain associations exhibited regional heterogeneity in healthy aging.
Region-specific WM microstructure was related to the GC-IPL thickness in NCI. Compared to shortdistance fiber, long-distance fibers, such as cingulum cingulated bundles, SLF, IFO [43] , and CST [44] , are more vulnerable to aging [45] , possibly underlay cognitive decline in normal aging (see review [46] ). Likewise, in our study, brain WM tracts correlated with GC-IPL thinning were also those long-distance ones affected more by normal aging. In parallel, a recent study has [24] reported that lower GMV in temporal and occipital lobes were associated with thinning in GC-IPL. Using whole-brain voxel-wise regression, we further revealed that lower GMV in lingual, calcarine, and cerebellum were associated with GC-IPL thinning in NCI, regions previously found to be associated with normal aging [36, 41, [47] [48] [49] [50] [51] . Taken together, our results indicated that individual differences in brain structures particularly vulnerable to normal aging could be reflected by the thickness of macular GC-IPL in healthy elderly. It further suggested that GC-IPL thinning might reflect degradation of brain structure in normal aging. Further developed, retina measures could potentially become a window to access normal aging in the brain.
While association between GC-IPL thickness and brain structure in NCI was dominated by the effect of normal aging, this retina-brain relationship was influenced by the disease in patients with AD or MCI. Consistent with previous findings [23] , we found that macular GC-IPL was thinner in CIND compared to NCI. Lower GMV and lower WM microstructure integrity in AD and CIND also largely resembled previous findings [4] [5] [6] [7] 52] . The retina-GMV relationship was lost in CIND and AD. Association between the GC-IPL thickness and WM microstructure in SLF, IFO, CST, ATR, and cingulum regions were largely attenuated in CIND and AD. We suspect that the weak or missing association between brain structure and the GC-IPL thickness might be due to different rates of decline in brain structure and retina along the disease progression. Intriguingly, small trends of relationship were hinted between WM microstructure in regions such as fornix and the GC-IPL thickness in CIND and AD, which was not seen in NCI. Fornix is heavily undermined by AD [53] . Our results suggested that the retina-brain relationship in CIND and AD might be dominated by diseaseinduced changes.
A couple of limitations are noted in this study. Firstly, the correlations between the GC-IPL thickness and the brain WM microstructure in CIND and AD were not significant at the same threshold as the retina-WM association in NCI. They were seen only when we lowered the threshold to the TFCE uncorrected p-value of 0.05. These results should be viewed with cautious as it only served as a weak trend rather than a strong evidence of the correlations. It is worth noting, however, that the trend of association was observed in fornix for both the CIND and the AD groups but not for the NCI. Direct comparisons of the retina-brain relationship between the NCI and CIND groups also implicated a similar trend (Supplementary Figure 3 and Supplementary Table 7) . Longitudinal study with larger patient sample should follow to confirm the disease mechanism behind these retina-brain relationship changes. Larger samples are also needed for the GC-IPL difference between AD and the other two groups [23] . Furthermore, our NCI and CIND participants were grouped based on the objective measurements of cognitive impairments. Future work is needed to systematically examine the impact of memory specific impairment, indicated by both objective memory impairment and subjective memory complaints, on retina brain relationship if any using larger samples. Moreover, we used TBSS to project FA to a group-level WM fiber skeleton. Although TBSS can partially reduce the misalignment of FA images in a WM voxel-based analysis [34] , detection of WM changes near the boundary of WM and GM may be less accurate. Similarly, the observed gray matter volume differences derived from VBM might be confounded by inaccurate tissue segmentation or registration [54] .
Conclusion
This study addressed the gap between the retina literature and brain structure research in normal aging and dementia patient populations. We found that individual differences in brain structures (both WM microstructure and GMV) in regions particularly vulnerable to normal aging could be reflected by the thickness of macular GC-IPL in healthy elderly. These normal physiological retina-brain relationships were disrupted in patients with AD or MCI, accompanied with a trend of possible disease-induced associations. This study may corroborate the normal anatomic relationship between WM and retinal ganglion cell changes, improve our understanding of the physiological variations, and aid in the differentiation between physiological and pathological structural changes related to AD.
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